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Abstract: Using an ion-exchange—based solid-phase micmextraction (SPME) method, the freely dissolved concentrations of C12-
benzalkonium were measured in different toxicity assays, including 1) immobilization of Daphnia magna in the presence or absence of
dissolved humic acid; 2) mortality of Lumbriculus variegatus in the presence or absence of a suspension of Organisation for Economic Co-
Operation and Development (OECD) sediment; 3) photosystem II inhibition of green algae Chlorella vulgaris; and 4) viability of in vitro
rainbow trout gill cell line (RTgill-W1) in the presence or absence of serum proteins. Furthermore, the loss from chemical adsorption to the
different test vessels used in these tests was also determined. The C12-benzalkonium sorption isotherms to the different sorbent phases
ere established as well. Our results show that the freely dissolved concentration is abetter indicator of the actual exposure concentration

than the nominal or total concentration in most test assays. Daphnia was the most sensitive species to C12-benzalkonium. The acute
Daphnia and Lumbriculus tests both showed no enhanced toxicity from possible ingestion of sorbed C12-benzalkonium in comparison
with water-only exposure, which is in accordance with the equilibrium partitioning theory. Moreover, the present study demonstrates that
commonly used sorbent phases can strongly affect bioavailability and observed effect concentrations for C12-benzalkonium. Even
stronger effects of decreased actual exposure concentrations resulting from sorption to test vessels, cells, and sorbent phases can be
expected for more hydrophobic cationic surfactants. Environ Toxicol Chem 2014;33:606-615. (C). 2013 SETAC
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INTRODUCTION

Surfactants are commercially important organic chemicals.
Permanently charged quaternary ammonium compounds
(QACs), such as benzalkonium and cetrimonium salt, are
used as antimicrobial and disinfectant agents [1]. Quaternary
ammonium compounds have the potential to disrupt cell
membranes [2]. The acute toxic effects of cationic surfactants
in different assays have been studied and summarized in
scientific reviews [1,3-5]. Toxicity data for QACs and other
cationic surfactants are available for algae [6-10], invertebrates
[7,11-14], fish [3,7], and mesocosms [15]. Quaternary
ammonium compounds and other cationic surfactants are
challenging test substances to study. The combination of
hydrophobic alkyl chains and positively charged head groups
favors adsorption to a multitude of (negatively charged)
surfaces. Strong losses from adsorption to glassware; dissolved
organic matter in freshwater tests; or proteins in serum of in vitro
assays, pipette tips, or the test organisms themselves may render
the actual dissolved test concentrations in toxicity tests much
lower than the intended (and often reported) nominal concen-
trations. It can, therefore, be questioned whether reported
(nominal) effect concentrations adequately reflect the intrinsic
toxicity of the tested cationic surfactants. Adequate risk
assessment of surfactants is further complicated, because no
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common samplers are widely available to detect freely dissolved
concentrations for QACs, which are generally considered to
drive the toxicity of organic chemicals [16]; many surfactants are
present as technical mixtures, the composition of which may
change as a result of adsorption or other processes; and the
influence of specific ionic interactions among surfactants and
environmental substrates and organismal target sites are not well
understood. Basic physicochemical properties such as octanol—
water partition coefficients are not available or are irrelevant for
extrapolation of soiptive properties because, for example,
octanol is a neutral solvent that does not account for ionic
interactions that occur with many environmental substrates.

In risk assessment of organic contaminants, the equilibrium
partitioning theory plays an important role. According to Di
Toro et al. [17], effect concentrations in sediment can be
predicted from concentrations on a porewater basis and a
sediment—water sorption coefficient. Effect data from water-
only exposures can then be applied to predict toxicity in
sediment. Understanding sorption affinities to relevant sorbent
phases or measuring freely dissolved porewater concentrations
is thus essential for sediment risk assessment based on
equilibrium partitioning. For systems in which the organic
chemical has reached equilibrium among sediment, porewater,
and organism, the equilibrium partitioning theory [17] assumes
the same effective exposure concentrations regardless of
exposure route (i.e., uptake of freely dissolved compounds in
porewater via skin or gills or uptake via ingestion of
contaminated particles). Jager et al. [18] experimentally
demonstrated that, for earthworms exposed to a range of
hydrophobic nonpolar organic compounds, uptake via ingestion
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may result in faster uptake than uptake from porewater via the
skin for very hydrophobic compounds, but also that eventually
comparable tissue concentrations are reached. This equilibrium
partitioning can also easily be applied to experiments in water-
only tests in the presence of a dissolved matrix (instead of
particulate matter as in sediment) that may bind the compound.
In the presence of binding matrices, the concentration of the
unbound chemical (i.e., the freely dissolved concentration) is the
relevant dose parameter. Several studies in the field of
ecotoxicology, but also in the area of in vitro toxicology,
have shown that the freely dissolved concentration represents a
more intrinsic dose parameter for analyzing toxicity data [16].
This equilibrium partitioning concept has been shown to be
relevant for nonpolar hydrophobic contaminants, but the validity
of this concept for ionic compounds has hardly been studied.
Recently, the concept was applied in toxicity studies with
anionic and nonionic surfactants [19,20]. Within the equilibrium
partitioning approach, effect concentrations are often estimated
using sorption and accumulation models. However, the actual
measurement of freely dissolved concentrations in soil or
sediment tests or in vitro cell-based assays represents an even
more powerful tool [21-24].

In our recent work, passive samplers (solid-phase micro-
extraction [SPME]) were developed to analyze freely dissolved
concentrations for QAC surfactants [25]. This SPME technique
was also used to determine freely dissolved concentrations in
humic acid (HA) solutions to determine sorption affinity under
varying pH and salinity conditions [26]. Similar samplers were
applied in sediment toxicity tests for neutral and anionic
surfactants in toxicity studies [19,20]. These studies showed that
the equilibrium partitioning [17] is also applicable to both
nonionic and anionic surfactants; that is, the sediment toxicity
expressed as the concentration in sediment porewater is equal to
the toxicity measured in water-only exposure [19,20]. Another
study from Van Wijk et al. [6] showed that effect concentrations
for algae exposed to QACs were decreased in the presence of
clay minerals, sediment, or HAs, indicating the strong effect of
sorption on bioavailability. Thomas et al. [12] showed that the
acute toxicity of the QAC didecyldimethylammonium bromide
to the soil-dwelling nematode Caenorhabditis elegans de-
creased with increasing cation-exchange capacities (CEC) of
soils, and a loading of up to 15% of the CEC was required to
induce an effect in most soils. These toxicity studies on QACs
indicate that the equilibrium partitioning applies also to QACs
and that bioavailability of QAC can be strongly limited by
adsorption. However, no measurements of freely dissolved
concentrations were performed to verify that freely dissolved
concentrations at effect levels are constant.
The alms of the present study were to verify the equilibrium

partitioning for QACs in acute toxicity tests with 4 test
organisms that are commonly used in bioassays and to assess the
influence of sorptive processes on toxicity in such assays by
performing detailed mass balance analyses. Applying the newly
developed sampling tools for QACs [25], we sought to measure
the freely dissolved and total concentrations of the QAC C12-
benzalkonium in different toxicity assays, including 1)
immobilization of Daphnia magna in the presence and absence
of dissolved HA; 2) mortality of L. variegatus in the presence
and absence of a suspension of Organisation for Economic Co-
Operation and Development (OECD) sediment; 3) photosystem
II inhibition of green algae Chlorella vulgaris; and 4) viability of
in vitro rainbow trout gill cell line (RTgill-W1) in the presence
and absence of serum proteins. We specifically focused on the
difference between effect concentrations based on nominal
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concentrations (total spiked amount in the medium) and those
based on measurements of total dissolved concentrations and
freely dissolved concentrations. The study also determined the
loss from chemical adsorption to the different test vessels used in
these tests. Our previous work showed a strong affinity of QACs
for natural HAs [25], so we included other types of sorbent
phases that are commonly used in toxicity studies, such as serum
protein, artificial OECD sediment, and algal cells. Whereas the
effect of QAC adsorption to walls of test vessels applies to all test
systems, additional decreases of actual dissolved concentrations
may occur in in vitro cell assays in which the medium also
contains serum or serum protein to which chemicals may bind.
Bioassays using freshwater instead of synthetic medium may
also have HAs present in the medium. Oligochaete worms
exposed to sediment may be exposed to chemicals via ingested
sediment, as suggested for the toxicity of the QAC dimethyl-
dioctadecylammonium chloride (DODMAC) to the oligochaete
worm Lumbriculus variegatus [11]. Sorbed fractions are not
taken up by cell systems such as algae and cells cultured in vitro,
but interesting test cases for validation of the equilibrium
partitioning theory are filter-feeding daphnids that may ingest
surfactant sorbed to HA [27] and the oligochaete worm L.
variegatus that can ingest sediment particles.

MATERIALS AND METHODS

Chemicals, materials, and analysis

The QAC applied in the bioassays was benzyldimethyldo-
decyl-ammonium chloride (C12-BAC; >99.0%) obtained from
Sigma-Aldrich. Hexadecyltrimethylammonium-d42 chloride
(CDNisotope) served as internal standard for analysis by liquid
chromatography—tandem mass spectrometry (LC-MS/MS).
Table 1 provides an overview of the media, sorbents, and test
vessels used in the different bioassays. Humic sodium salt
(catalog number. H1675-2; Aldrich HA [AHA]) used in the
Daphnia assay was obtained from Sigma-Aldrich. The OECD
sediment was made according to OECD guideline 225,
containing 74.5% quartz sand (Sigma-Aldrich), 5% finely
ground sphagnum peat as organic matter (garden centre
Intratuin), and 20% kaolinite clay (Imetys Cornwall) [28]. The
cyanobacteria BG-11 freshwater medium (50 times diluted with
Millipore water for algal culture) was purchased from Sigma-
Aldrich. Leibovitz's L-15 medium, fetal bovine serum (PBS),
penicillin, and streptomycin, used to culture RTgill-W1 cells,
were purchased from Invitrogen Life Technologies. Sodium
dodecyl sulfate (SDS), used as a positive control in the in vitro
assay, and bovine serum albumin (BSA) were purchased from
Sigma-Aldrich. Toxicity exposure media, including Dutch
standard water (DSW) [29], L-15/ex (L-15 medium constituents
without vitamins, amino acids, and glutamine) [30], were
prepared according to standard procedures in Millipore water
from a Milli-Q purification system. Disposable 7- and 30-mm
polyacrylate (PA)-coated SPME fiber (Polymicro Technologies)
was used throughout the sorption and toxicity experiments.

Sorption test

The setup for C12-BAC sorption experiments to algal cells
(3.7 x 107 cells/mL in BG-11 medium, manually counted with a
Bilrker counting chamber) and protein (10 g/L BSA or 10% PBS)
was similar to the one described previously with AHA [25]. To
attain the desired freely dissolved concentrations prior to the
toxicity tests, the sorption affinities of C12-BAC to AHA and
OECD sediment in DSW were estimated from other sorption
experiments performed in different matrix. The sorption tests ofNot 
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Table 1. Bioassay properties

Bioassay species Medium Sorbent Exposure (h) End points SPME fiber Test vessel

Daphnid Daphnia magna DSW AHA 48 hnobilization 7-p.m PA Glass beaker 50 mL
Worm Lumbriculus variegatus DSW OECD sedimentb 48 hnobilization 7-p.m PA Scintillation glass vial 20 mL
Freshwater algae Chlorella vulgaris BG-1 Not applicable 22 Opsn efficiency 35-p.m PA Polystyrene 12-well Plate 2 mL
Rainbow trout gill cell line RTgill-W1 L-15/ex FBS/BSA 24 Cell viability 35-p.m PA Polystyrene 24- well Plate 5 mt.

'Fifty times diluted BG-11 medium with Millipore water.
"The composition of the OECD sediment shown in Supplemental Data, Table Si, and prepared according to OECD guideline 225 [28].
SPME— solid-phase microextraction; DSW =Dutch stand water; AHA —Aldrich humic acid; OECD = Organisation for Economic Co-Operation and
Development; L-15/ex =L-15 medium constituents without vitamins, amino acids and glutamine; BSA= bovine serum albumin (10 g/L); FBS = fetal bovine
serum (10%); PA = polyacrylate; Opsii =photosystemll efficiency.

C12-BAC to AHA (10 mg/L in 5 mM Na + at pH 6) and OECD
sediment (1.25 g/L in 15 mM Na + at pH 6) were conducted
separately according to the previous setup [25], which was
slightly different from the amounts applied in the toxicity test
(20 mg/L AHA in DSW at pH 8.1 and 5 g/L in DSW at pH 8.2).
Therefore, the sorption isotherms for AHA, sediment, and protein
were generated from the toxicity tests. Generally, an aliquot of
surfactant stock in methanol was spiked in the test solution with
the sorbing phase and allowed 24 h (1 h for protein medium) for
equilibration in a climate room (20 'C ± 1 °C). In the 24-mL
solution with sediment, AHA, or algae, a single 3-cm piece of
7-p.m polyacrylate (PA)-coated SPME fiber was used to measure
freely dissolved surfactant concentration. To satisfy the condition
of negligible depletion of the dissolved concentration by the
SPME measurement, a single 1.7-cm piece of the 35-p.m
PA-SPME fiber was used in the 2-mL protein medium, because
C12-BAC showed a substantially lower affinity for that fiber.
The C12-B AC sorptions to the 2 types of PA-SPME fiber
were calibrated in the same medium with the same exposure
period as applied in the sorption and toxicity experiments,
including measurements of aqueous concentrations by solid-
phase extraction columns (WCX-SPE; Waters) [25]. Linear
SPME calibration curves could be fitted in the low concentration
range, whereas a polynomial equation was used for the highest
concentrations. SPME fibers were always wiped with wet tissue
after extraction from the test medium, to avoid contaminating
the desorption solution with HA, sediment particles, algae, or
proteins.

Dfferent bioassays in the toxicity test

Water flea D. magna. Daphnia magna was taken from a stock
cultured in M4 Eiendt medium at 20.5 °C, fed with Chlorella
vulgaris. The test was performed according to OECD guideline
202 [31]. We used 50-mL glass beakers as test vessels, each
containing 50 mL of DSW or DSW-AHA solution (7 mg/L and
20 mg/L, respectively), all at pH 8.1. Beakers were covered by
glass plates during the test. Experiments were carried out in a
temperature-controlled room (20 ± 2 °C) with a 16:8-h light:
dark regime. Neonates less than 24 h old were used and were
obtained from Daphnia aged 2 to 4 wk. Experiments were
performed in duplicate (parallel) series of 5 test concentrations
with 5 animals exposed. The control was composed of 20
animals divided into 4 batches. The test was performed as a static
test for 48 h. Those animals that were not able to swim within
15 s after gentle agitation of the test vessel were considered to be
immobile and were recorded. The tests were inspected at 24 h
and 48 h. Seven-micrometer PASPME fibers were exposed in
duplicate in each beaker for 3 h to determine the free
concentration at the beginning and end of the test. Concen-
trations from the 4 SPME fibers at each concentration were
averaged, and freely dissolved concentrations were calculated

from a calibration curve derived in the same test medium with 3 h
exposure.
Oligochaete worm L. variegatus. Lumbriculus variegatus

was cultured in flow-through aquaria containing tap water and
cellulose substrate at a temperature of 23 ± 1 °C. Before testing,
organisms were left overnight under gently running tap water to
empty their guts. The DSW for worm tests was aerated
continuously for 24h. Approximately 100 mg sediment was first
added to each glass vial, which was then filled with 24 mL DSW.
Experiments were performed in duplicate. A series of 5
concentrations was tested, and the solutions were spiked with
a stock in methanol (<1% methanol). Ten worms were carefully
transferred via a plastic pipette to each vial. At 48 h, the
surviving worms in each test vial with sediment were counted.
For water-only systems, pilot tests showed that it was not
feasible to maintain steady exposure concentrations with 10
worms in each vial (see Discussion). Therefore, worms were
exposed individually to 5 concentrations in 24 mL DSW in
triplicate. Worm survival in water-only systems was counted
daily during 9 d. Blank controls (spiked with 100 pit methanol)
were prepared for both DSW-sediment (2 vials, each with 10
worms) and DSW-only systems (5 vials, each with 1 worm).
Single 3-cm pieces of 7-p.m SPME fibers were exposed for 24 h
in each vial starting at 48 h. SPE samples of the total dissolved
concentrations were taken at 48 h as well.
Green algae C. vulgaris. Chlorella vulgaris (Beyerinck

UTEX 259) was cultured in BG-11 medium at 16 "C under a
16:8-h light:dark regime with a light intensity of 50 RE (F58W/
BriteGro 2084). The initial algal cell density, counted manually
with a Biirker counting chamber, was 3.1 x 106 cells/mL for the
toxicity test. Five milliliters of algae suspension was then
pipetted to each well in a 12-well polystyrene plate (Cellstar;
Greiner Bio-One). Twenty microliters of surfactant stock with
different concentrations in methanol was spiked in the well plate.
We first performed a rang-finding test using 5 concentrations

of the test chemical, with duplicate wells per concentration. Algal
medium with the spiked chemical was well mixed with a 1-mL
polyethylene pipette tip (also to equilibrate the chemicals on the
tip). Then, 2 replicates of 280- RL samples were pipetted in a
black polypropylene 96-well plate (Greiner Bio-One). Pulse
amplitude modulation (PAM) fluorometry (Water-PAM), based
on chlorophyll a fluorescence, was used to determine the
effective photosystem II efficiency (Ops11) [321, which was
measured at 1 h, 4h, 22h, and 48h. A single 3—cm, 35-p.m PA
fiber was exposed for 1 h in each 12-well plate after each
sampling time point to verify that sorption to algae and
polystyrene well was significant. The whole algal suspension
was extracted via SPE at the end of the test to verify total
surfactant concentrations in the medium. Sorption to the
polystyrene wall was further checked via extracting the empty
well with 5 mL SPE eluent for 30 min. A second experiment usingNot 
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5 concentrations in a smaller range around the effect concentra-
tion was performed in the same way as the range-finding test,
except that toxicity was determined by PAM only at 22 h.

In vitro RTgill-W1 cells. The rainbow trout gill epithelial cell
line RTgill-W1 was purchased from the American Type
Culture Collection (CCL-163). The protocols for the cytotox-
icity assays have been well described in the literature [33,34].
Cells were cultured at 20 °C in the dark and in sealed culture
flasks with Leibovitz's L-15 culture medium supplemented
with 100 U/L penicillin, 100 µ,g/L streptomycin, and 10% FES
(containing 40 mg/mL BSA, as communicated by the supplier),
based on the procedures of an earlier study [33]. Experiments
were performed at passages 6 to 38 under sterile condition.
Cells were seeded at a density of 1.2 x 105 cells/mL.
Subsequently, 2 mL of medium was transferred to each well
in a 24-well plate (Cellstar; Greiner Bio-One). After incubation
at 20 'C for 24 h, culture medium in each well was removed,
and the wells were filled with 2 mL of exposure medium. For
the medium-only test, each well was filled with L-15/ex
medium and spiked with 10 µL stock of the chemical to give 6
concentrations in triplicate. For the protein-medium test, 10%
FBS prepared in L-15/ex medium was spiked in triplicate with
6 surfactant stocks and then well mixed, equilibrating for 1 h.
Afterward, the spiked exposure medium was transferred to
wells with cells. Similar test series were run with medium
containing 10 g/L (-0.15 mM) BSA. Cells were exposed for
24 h in the dark at 20 °C for both series of tests. Blank controls
were prepared with 0.5% methanol in triplicate for each test.
Six concentrations of SDS in triplicate served as positive
controls for passages 8 and 30 to check the reliability of the
assay performance. Single 35-µm PA fiber served as the
sampling tool for measuring freely dissolved surfactant based
on 1-h exposure starting at 23 h.
To determine QAC sorption to the polystyrene walls, 2

concentrations of C12-BAC (0.15 and 5 mg/L) were prepared
separately in the L-15/ex medium with and without 10% FBS
solution and analyzed at 5 min, 1 h, and 24 h. For the medium
containing cells, the sorption to cells was measured by first
detaching cells from the well bottom with 100 p.L trypsin and
then extracting total suspensions with SPE at 24 h. The well was
then further extracted with SPE eluent to determine sorption to
polystyrene, similarly to the algae test.

Analysis

C12-B AC was measured using a LC-MS/MS system
(MDS Sciex API 3000 LC-MS/MS System; Applied
Biosystems), as described in detail previously [25]. Chroma-
tograms were quantified in Analyst 1.4.2 (MDS Sciex

A Toxicity of C12-BAC to D. magna (48h)

Nominal
irlb 7 mgP, ANA

't:11, 20 mg/L ANA

4. i.t> no AHA 

SPME
0 7 mg& AMA
e) 20 rngil All/,

...10 no AHA

-2 -1 0

Log exposure concentration (mg/L)

40

20
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Applied Biosystems). Experimental data were analyzed in
GraphPad Prism 6.01.

RESULTS

Water flea D. magna

The 48-h exposure—response curves of C12-BAC to D.
magna in the presence and absence of AHA are shown in Figure
1A. Based on total spiked surfactant concentrations (SPE

totab,columns, Cw, 1 median effect concentrations (EC50s) are a
factor 5 higher for the 20 mg/L AHA solution compared with the
water-only test (Table 2). Based on freely dissolved concen-
trations via SPME measurements (SPME fiber, Cwf ) the
exposure—response curves for the tests performed in 7 and
20 mg/L AHA solutions are not significantly different from the
water-only test (analysis of variance, p = 0.28), and EC50 values
based on freely dissolved concentrations (EC50ft„) are constant
at 0.016 mg/L (standard error [SE] = 0.003, n= 3; Table 2). The
fitted EC50ftee and EC50„,,,„ftial (EC50 based on nominal
concentrations) values as a function of AHA concentration are
presented in Figure 2. This EC50ft„ value (0.016 mg/L) in the
water-only test is 30% lower than the EC50„„„,mai (0.023 mg/L).
This difference suggests that there is some loss of the compound
in the test system, most likely from sorption to the glass beaker.
The data for the distribution of the chemical in AHA solution
(Figure 1B) are based on the assumption of a 100% mass
balance. This assumption is plausible because a previous study
indicated that recovery percentages above 90% could be attained
for C12-BAC—spiked AHA solution [25]. The sorption isotherm
of C12-BAC to 20 mg/L AHA in 50 mL DSW is also calculated
based on the assumption of 100% mass balance (Figure 1C). The
sorption coefficient to AHA of 5.4 log units in this toxicity test is
comparable to the value reported in our earlier sorption study
with C12-BAC [25]. The influence of AHA on the effect of C12-
BAC on immobilization of D. magna shows that AHA reduces
the bioavailability of C12-BAC and that toxicity is directly
related to the freely dissolved concentration.

Oligochaete worm L. variegatus

In a water-only pilot study with 10 worms in each test vial.
Cw,ft„ and Cw,totai measured in the beginning of the test were
comparable to the Cw,tota1.48 h in the system (see Supplemental
Data, Figure Si). However, we detected a strongly decreased
Cws„,, after 48 h in vials in which several worms had died,
whereas Cw,totai after 48 h remained constant. The full recovery
of the SPE extracts indicated that there was no microbial
degradation of the surfactant. We assume that this strong
decrease in freely dissolved concentration was related to

Distribution in glass vial(20 ANA)

0 AHA bound ill Freely dissolved

0.03 0.05 0.08 0.12 0.20
Nominal cos centration (mg/L)

4.0

3.8-
Os

co 3.6-
a

d' 3.4-

3.2-

3.0

Sorption to 20 mg/L AHA in DSW

EC 5055 0 016 mg/i_

Log K, =5.46 Mg

.2 5 .2.0 ..1.5
Log Cw.free (mg/L)

Figure 1. Exposure—response curve of benzyldimethyldodecyl-anmnonium chloride (C12-BAC; >99.0%) to Daphniamagna for48 h in 50 mL Dutch standard water
(DSW) with and without 7 mg/L or 20 mg/L Aldrich humic acid (AHA) in a glass beaker. (A) Immobilization of the organism, expressed as a percentage of control, is
plotted against both nominal and free concentrations (solid-phase microextracti on). Distribution (B) and sorption isotherm (C) of C12-BAC in 50 nriL DS W with
20 mg/L AHA system, assuming 100% of mass balance. Dashed line indicates 1:1 relationship, and logarithmic sorption coefficient (Kd) is calculated at the median
effect concentration value based on the measurement of free concentration (EC50f,,). C.;= AHA sorbed concentration; C,,,,,t,„= freely dissolved concentration.Not 
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Table 2. Effect concentrations for benzyldimethyldodecyl-ammonitun chloride (>99.0%)

Y. Chen et al.

Bioassay species Sorbent phase

Medium-only
EC50f„en 1

(95% CI)a (mg/L)

Sorbent-phase
EC50fr,

(95% Crt (mg/L)

Sorbent-phase

EC50nomi nal

(95% ay (mg/L)

Sorbent- phase
log Ka at

EC50fr,,e (L/kg)

Daphnia magna 7 mg/L AHA 0.016" 0.016 (0.011-0.024)" 0.054 (0.039---0.075)c 5.45d
20 mg/L AHA 0.016 (0.015-0.018)d 0.109 (0.096-0.123)d

Lumbriculus variegatus" 5 g/L OECD sediment 1.62" 0.57b 12.06b 3.68
Chlorella vulgaris 3.1 x 106 algae 5.80 (4.99-6.75) Not applicable Not applicable Not applicable
Rainbow trout gill cell line-W1 10% FBS or 0.31 (0.27-0.36) 0.21 (0.17-0.28)e 1.10 (0.97--1.22)" 1.62g

10 g/IL, BSA 0.18 (0.15-0.21)1 0.83 (0.76-0.91)f 2.98

aEC50 values based on free (SPME), total (SPE) or nominal concentration with 95% confidence interval (CI).
b95% CI cannot be determined.
'Data for 7 mg/L AHA solution.

dData for 20 mg/L AHA solution.
"Data for 10% FBS.
fData for 20 mg/L 10 g/L BSA.
gThe unit of log Kri is expressed as L/L FBS.
bExpressed as LC50 instead of EC50.
EC501, .= median effect concentrations based on the measurement of free concentration; EC50„„,„,i„ai = median effect concentrations based on the nominal
concentration; AHA =Aldrich humic acid; OECD -= Organisation for Economic Co-Operation and Development; DSW = Dutch stand water; BSA = bovine
serum albumin; FBS = fetal bovine serum; Kd= sorption coefficient; LC50 = median lethal concentration; SPE= solid-phase extraction; SPME = solid-phase
microextraction.

sorption of the surfactants to degraded tissues of dead worms.
This was at least partially confirmed by a test with worms that
had been killed and preserved intact by 0.5% of formaldehyde
prior to exposure, in which we observed no decrease in free or
total concentrations within 48 h, suggesting negligible chemical
penetration to and sorption into the intact worm. Therefore, we
exposed worms individually in water-only tests to prevent the
effect of a few dead worms on freely dissolved C12-BAC
concentrations. In systems with sediment, pilot tests showed
such a strong sorption to sediment that this should buffer any
additional decrease of freely dissolved concentrations by
degraded worm tissue.
Figure 3A shows the exposure-response curve of C12-BAC

to L. variegatus in the DSW-only medium and the system
with 5 g/L OECD sediment for 48-h exposure. The survival
compared with the control is plotted against both Cw,nommal and
measured Cw,free. As shown in Table 2, the presence of 5 g/L
sediment leads to a difference in median lethal concentration
(LC50) values from 12.06 mg/L for nominal concentrations to
0.57 mg/L based on free concentrations, a factor of 21. The

0.15
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0 Freely dissolved (SPME)
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AHA concentration (mg/L)

Figure 2. Median effect concentrations (LLCMs) of beirzyklielethyldodecyl-
ammonium chloride (C1 2-BAC, >99.0%) to Daphnia magna after 48h,
based on freely dissolved ( solid-phase microextraction [SPME]) and nominal
concentration, as a function of increasing Aldrich humic acid (AHA)
concentration. The linear regression is used to fit both the nominal and SPME
data.

fraction of C12-BAC that is freely dissolved or sediment bound
is presented in Figure 3B. Only 5% of the chemical is freely
dissolved in a 5 g/L sediment system. Adsorption to glass is not a
significant contribution to the mass balance at the applied
sediment concentration present in the medium. A sorption
isotherm to sediment, calculated from these measurements and
the assumption of a 100% mass balance, is presented in Figure
3C, which suggests a concentration-independent sorption
coefficient of 3.7 (log value). The sorption isotherm for
OECD sediment in DSW generated from the toxicity test is
also comparable with the sorption isotherm obtained in 15 mM
Na I- at pH 6, as shown in Figure S2. The 48-h LC50h value
measured with SPE in water-only systems is 1.62 mg/L, which is
a factor of 3 above the 48-h LC50 measured in sediment systems
based on the measured Cw,free (0.57 mg/L; Table 2). These
water-only 48-h LC50 data for L. variegatus are a factor of 30 to
100 higher than the 48h EC50 for D. magna. The freely
dissolved concentration in the sediment test seems to overpredict
toxicity compared with the water-only test, which may imply
that there are additional exposure to the worms via ingestion of
the sorbed fraction. Figure S3 depicts the exposure-response
curves monitored in water-only tests at 7, 30, 48, 72, 96, and
216h. The LC50 value is constant up to 48h (average
LC50 = 1.70 ± 0.2 mg/L, n= 3) but gradually drops to
0.26 mg/L after 9 d of exposure (with full survival of worms
in the control exposures after 9 d). The observed difference in
48-h LC50 between water-only exposure and exposure to
sediment suspension may therefore be the result of a kinetic
effect, in which chemical equilibrium is not yet reached within
48 h and uptake via sediment increased kinetics. However, a
detailed analysis of the toxicokinetics is beyond the aim of the
present study, and the issue will not be discussed in the present
study. There is unfortunately no data for longer exposure to
sediment to determine the effect of exposure time on the LC50,
which could resolve this issue. Still, the freely dissolved QAC
concentration in solids suspensions with worm again appears to
be a better dose parameter as a bioavailable concentration than
the nominal concentration that includes the sorbed fraction.

Green algae C. vulgaris

Figure 4A shows the effect of C12-BAC on the (Dpsir of
C. vulgaris. The exposure-response curves based on Cwftee,Not 
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Figure 3. Exposure-response curve of benzyldimethyldodecyl-ammonium chloride (C12-BAC; >99.0%) to Lunibriculus variegams for 48 h in 24 mL Dutch
standard water (DSW) with and without 5 g/L Organisation for Economic Co-Operation and Development (OECD) sediment in the scintillation glass vial. (A)
Survival of the organism, expressed as a percentage of control, is plotted against both nominal and measured free (solid-phase microextraction) or total
concentration (solid-phase extraction). Distribution (B) and sorption isotherm (C) of C12-BAC in 24 ruL DSW with 5 g/L OECD sediment assuming 100% of mass
balance. Dashed line indicates 1:1 relationship, and logarithmic sorption coefficient (Kd) is calculated at the median lethal concentration value based on the
measurement of free concentration (LC5Of„). C. = sediment sorbed concentration; Cw.f,„= freely dissolved concentration.

Cw,totai, and Cm„nominal in the algae assay overlap. The data are
combined with 2 series of tests that provide virtually the same
EC50 outcome. The mass balance data presented in Figure 4B
indicate that sorption of C12-BAC to C. vulgaris at a density of
3.1 x 106 cells/mL is not significant. The data based on the SPME
measurements were combined from the 2 test series, resulting in
the 22-h EC50 value of 5.8 mg/L, 5-fold and 300-fold higher than
the 48-h EC,50 for worm and Daphnia, respectively (Table 2). The
exposure-response curve for 1 h, 4 h, 22 h, and 48 h based on
the measured Cwptai at 48 h, as shown in Figure S4, suggests that
the toxic effect concentration decreased between 1 h and 4 h but
was relatively stable between 4 h and 48 h of exposure.
The chemical distribution in the test system depicted in

Figure 4B demonstrates that chemical sorption to the 5-mL
polystyrene well is concentration dependent. In this algal assay,
72%, 39%, and 10% of the total spiked chemical are bound to the
polystyrene wall at a nominal concentration of 0.02 mg/L,
0.41 mg/L, and 2.04 mg/L, respectively. At Cwmorninai greater
than 10 mg/L, the losses to the polystyrene 12-well plate system
are negligible, which explains the overlap between EC5Onoinioai
and EC50free at the EC50 level of 5.8 mg/L. A relatively low
recovery, 79% and 77% for the sample of 0.02 mg/L and
0.41 mg/L, respectively, was observed, probably because the
washing step prior to wall extraction flushed out some
polystyrene-bound chemical before the well extraction or
repeated pipetting caused some loss. For the other 3 high-
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concentration samples, more than 90% of the chemi cal in the
system was recovered. To study the sorption to algae, another
batch sorption experiment was performed at a cell density 12
times higher, at 3.7 x 107 cells/mL in diluted BG-11 medium.
The sorption isotherm displayed in Figure 4C indicates a
strongly nonlinear sorption behavior with a Freundlich exponent
(nF) of 0.25. The algae-water distribution coefficient of 400 L/kg
dry weight at 1 mg/L confirms that sorption to algae at effect
concentrations of 5 mg/L has a negligible effect on toxicity (and
is much lower than the sorption affinity to AHA). Still, sorption
can be a substantial mass balance fraction at sublethal doses
(6.3 x 104 at 1 vg/L). Also, Van Wijk et al. [6] observed strong
and nonlinear sorption of the QAC hexadecyltrimethylammo-
nium to the freshwater alga Pseudokirchneriella subcapitata (nF
0.39) but at a much higher concentration range (>10 mg/L) than
used in the present study.

In vitro RTgill-W1 cells

Cytotoxicity was assessed by exposing C12-B AC to RTgill-
W1 cells for 24 h. The viability was measured using the Alamar
blue assay and expressed as a percentage of control. Sodium
dodecyl sulfate positive control EC50s were stable at a range of
12.4 to 14. mg/L (n = 2), indicating constant cell performance for
all passages. Figure 5A depicts the exposure-response curves of
C12-BAC to RTgill-W1 with and without 10% fetal bovine
serum (FBS) solution as a function of measured C1,v,free and
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Figure 4. Exposure-response curve of benzyldimethyldodccy I-ammonium chloride (C12-BAC: >99.0% to Chlorclia vulgaris in 22h at a density of 3.1 x 106
cells/mL in 5 nil, BG-11 medium in the polystyrene 12-well plate. (A) Photosystem It efficiency Opsill or C. vulgaris, expressed as a percentage of control
(± standard deviation), is plotted against both nominal and measured free (solid-phase rnicroextraction) or total concentration (solid-phase extraction); (B)
distribution of C12-BAC in the with C. vulgaris (3.1 x 106 cells/mL) in the test system; (C) sorption isotherm of C12-BAC to C. vulgaris at a higher density of
3.7 x 107 cells/mL in BG-11 medium. Dashed line indicates 1:1 relationship, and logarithmic sorption coefficient (Kd) is calculated at the median effect
concentrations based on the measurement of free concentration (EC50f,,,). C.= algae sorbed concentration; C,,,fr.„= freely dissolved concentration.Not 
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Figure 5. Exposure—response curve of benzyldhnethyldodecyl-ammonium chloride (C12-BAC; >99.0%) to rainbow trout gill cell line-W1 for 24 h in 2 inL L-151
ex medium with and without 10% fetal bovine serum (FBS) in the polystyrene 24-well plate. (A) Viability, expressed as a percentage of control (± standard
deviation), is plotted against both measured free (solid-phase microextraction) and total concentration (solid-phase extraction); (B) distribution of C12-BAC in
2 mLL-15/ex medium containing 10% FR S in the presence and absence of cell at 2 concentration levels of exposure; (C) sorption isotherm of C12-BAC in 2 mL L-
15/ex medium containing 10% FBS. Dashed line indicates 1:1 relationship, and logarithmic sorption coefficient (KO is calculated at the median effect
concentration based on the measurement of free concentration (EC50 „). C.-= FBS sorbed concentration; Cws,.„= freely dissolved concentration.

Cw,50tai concentration at 24 h. The EC50 values are presented in
Table 2. The presence of 10% FBS solution led to a 3.5 times
reduction in free concentration compared with the test in the
absence of FBS (based on measured Cw,tow). Moreover, the
EC50 values based on Cw,f,„ in both the presence and the
absence of FBS are not significantly different (F test, p= 0.74;
see Table 2). This demonstrates that the freely dissolved QAC
concentration represents the bioavailable concentration in this
type of cell assay. Similar exposure—response curves, EC50
values, and sorption data are presented in Supplemental Data,
Figure S5A and B, using 10 g/L bovine serum albumin (BSA,
0.15 mM), the main protein component of FBS. At the highest
test concentrations, no cells were observed by visual inspection
after 24 h, suggesting that Alamar blue indicated cell viability
and not specifically an effect on mitochondrial metabolic
activity [30].
The distribution of C12-BAC in the culture medium with and

without RTgill-W1 cells was determined at the end of the 24-h
exposure (Figure 5B). More than 90% of the chemical was
recovered from the test system in the 24-well plate. The chemical
sorption to the polystyrene well, when no cell is present on the
bottom of the plate, was again (as with the 12-well plate used for
C. vulgaris) found to be concentration dependent and significant
at a Cw,nominal of 0.15 mg/L. Such a loss accounts for 43% of the
spiked chemical and is almost equal to the fraction of surfactant
bound to the 10% FBS (47%). These results illustrate that using
Cw,norninai as a dose parameter could significantly underestimate
the toxicity of QACs (e.g., C12-B AC) even if there is no
dissolved sorbent present, because the chemical may also adsorb
to the wall of the test system. Only 8% sorbed to polystyrene in
the 5.0 mg/L sample without cells. The fraction sorbed to the
well in the presence of cells is, however, greatly reduced
compared with that in the absence of cell; even at a concentration
of 0.15 mg/L, only 13% loss to the wall was observed. On the
other hand, 35% of the spiked chemical was recovered via cell
extraction, suggesting that the fraction sorbed to cells can be
significant. These results also indicate that the sorption area of
the polystyrene surface was reduced because the well bottom
was effectively covered by the cultured cell layer. Figure 5B
shows no cell-bound fraction at a concentration of 5 mg/L,
because all cells had detached from the well plate bottom as a
result of cytotoxicity. The percentage of chemical bound to FBS
ranged 47% to 90% in the culture medium with 10% FBS. Based
on the data for the distribution, also a sorption isotherm was
established for C12-BAC on FBS dry weight material (Figure
5C). The isotherm is nearly linear with a relatively low sorption

affinity of 44 L/L 10% FBS solution at 0.1 mg/L. As shown in
Figure SSA, a linear sorption isotherm was also observed for
BSA, representative for a major component of serum, but with a
sorption coefficient of 869 L/kg BSA at 0.1 mg/L.

DISCUSSION

Sorptive processes of C12-BAC in different assays

Toxicity of QACs has been reported in different bioassays,
including invertebrates [13,35], crustaceans [7,12], algae [6,8-
10,14], and cell cultures [36-38]. In most studies, the effective
doses are often expressed as calculated nominal concentrations
or measured total concentrations in the assays. This is not
appropriate in some cases, however, because specific and
nonspecific sorption processes may reduce the concentration
available for uptake [16,39]. For instance, chemicals can
specifically bind to organic matter or clay fractions in the
sediment [12,39]. Moreover, in the in vitro systems, chemicals
may sorb to serum proteins or components in the medium but
also bind in significant fractions to the cells [40-42]. Additional
losses can still occur if the chemicals are able to sorb to test
vessels [14,40,41,43,44]. However, these exposure issues are
not often taken into consideration in the interpretation of toxicity
test results [45].

In contrast, the present study has provided detailed
information on the distribution of C12-BAC in 4 bioassays
with different test procedures and toxic endpoints. Not only were
the freely dissolved QAC concentrations measured in toxicity
tests using SPME for the first time, but the present study is also
the first to determine the fractions partitioning to the compart-
ments of the test systems and to investigate the relative
contribution of each sorption process.
A dissolved organic carbon concentration of 20 mg/L in the

daphnid test reduced the freely dissolved C12-BAC fraction by
80% (Figure 1B). The worm test indicates that 5 g/L OECD
sediment was needed to reduce the Cwfree by 90% (Figure 3B),
indicating a lower sorption coefficient than for AHA. The
bioavailable porewater concentrations strongly depend on the
sorptive properties of the surfactant to each specific phase. For
unknown reasons, sorption of C12-B AC to algae (Figure 4B) and
serum material (PBS in Figure 5B or BSA in Supplemental Data,
Figure S5A) appears to be orders of magnitude weaker than to
AHA. Still, the high serum/BSA amounts typically applied in in
vitro studies clearly impact the bioavailability of QACs.

In addition to the binding to suspended solids in the medium,
bioavailability of C12-B AC is related to the test equipment.Not 
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Figure 2 shows a small offset between EC50f, measured by
either SPME or nominal concentrations, suggesting a small
influence of QAC binding to the glass vessels. Figures 4B and
5B show the concentration-dependent adsorption of the
chemical on polystyrene well plates. Polystyrene sorption did
not influence the determination of EC50 values in tests with
algae and RTgill-W1 cells. Using the nominal concentration as
the dose parameter may overestimate the level at which toxicity
starts to occur, and toxicity tests with more sensitive species may
be strongly influenced by binding to the polystyrene wells.

Sorption to intact alive or dead worms was negligible,
whereas decomposed worm tissues appeared to strongly
influence freely dissolved concentrations. This further suggests
that internal worm tissues might not act as sorption sites for
QACs during the acute exposure period. Sorption to algae in our
test setup was negligible, but this may clearly depend on algal
densities as well as algal species. Figure 5B and Supplemental
Data, Figure S5C, additionally elucidate the effect of the
presence of cells and FBS in the in vitro RTgill-W1 assay.
Supplemental Data, Figure S5C shows that FBS-containing
assays are more capable of retaining C12-BAC in the medium,
resulting in more stable systems, particularly for low concen-
trations, because fractions sorbed to polystyrene and cells are
relatively smaller than without FBS. This phenomenon was also
observed for phenanthrene with the RTgill-W1 assay in
polystyrene well plates [41]. Still, C12-BAC sorption to FBS
lowered the bioavailability of the compound. Moreover, Figure
5B clearly shows that the cells can be a significant binding
compartment at concentration levels at which cytotoxic effect
occurs. This compartment was found to be irrelevant for
phenanthrene [41], yet relevant for another largely cationic
compound, chlorpromazine, in Caco-2 cell assays [40]. Still, as
shown in Figure 5A, as long as freely dissolved concentrations
are determined, effect concentrations can be related to
bioavailable concentrations in all in vitro assay compositions.

Validation of equilibrium partitioning for the Ca ionic surfactant
C12-BAC

The EC50free value, as an alternative parameter mimicking
the internal concentration, is regarded as the bioavailable
concentration. The present study demonstrates a clear reduction
in free concentrations, and therewith bioavailability, of QAC in
the presence of sorbent phases in different bioassays. This
EC50free in test media with solid suspensions can now be
compared with the EC50 in medium-only tests to determine
whether the equilibrium partitioning [17] is valid for a particular
test chemical and test system.
Figure 2 illustrates that the EC50free of C12-BAC to D.

magna is independent of the amount of dissolved AHA in 48 h.
As summarized in Table 2, the EC50 in medium-only tests of
C12-BAC in tests with daphnids, worms, and gill cells are within
a factor of 3 of the EC50free in the solid suspensions. The
observation that the sorbed fraction does not contribute to
toxicity has been widely reported for neutral organic chemicals,
both for aquatic organisms in the presence of dissolved HA
[39,46] and in in vitro cell assays with different amounts of
serum medium [41,47]. These results indicate that the
bioavailability of QACs also is strongly inversely related to
their sorption affinity to different phases.
Comber et al. [11] suggested that 80% of the very

hydrophobic QAC DODMAC was taken up by the worm L.
variegatus via sediment ingestion [11]. Our study suggests that
the QAC C12-BAC is taken up mainly from the aqueous phase
or at least that the freely dissolved concentration best represents
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the chemical activity that drives toxicity. The affinity of
C12-B AC to AHA and OECD sediment is high, and the test
organisms may have ingested the sediment or taken up dissolved
AHA. A study in which particulate organic matter was fed to the
daphnid D. galeata revealed particulate organic matter in the gut
contents, ascertaining that particulate organic matter can be
readily ingested by daphnids [27]. Exposure to the high
concentrations of bound QAC fractions in our L. variegatus
and D. magna toxicity tests did not show enhanced toxic effects
compared with water-only tests. Di Toro et al. [17] concluded
that, when equilibrium is reached between the sorbent phase and
porewater phase, the pathways of exposure, either to porewater
via respiration or to sediment via ingestion, are equivalent. A 24-
h equilibrium between C12-BAC and sorbent is sufficient, and
such an equilibrated phase is attained. Care has to be taken to
ascertain that chemical equilibrium is also reached between the
water and the organism in the acute toxicity test, as indicated by
our worm study showing that intake of sorbed fractions may
enhance the uptake kinetics that lead to an equilibrated system.
Based on our data, we suggest the equilibrium partitioning is also
valid for this specific cationic surfactant and probably also for
other cationic compounds. This implies that toxicity of cationic
surfactant in spiked sediment or soil, or the risk of cationic
surfactant in natural sediment/soil, can be predicted from
sediment- or soil-specific sorption isotherms and aqueous effect
concentrations, as suggested by Thomas et al. [12]. Furthermore,
it confirms that the presence of dissolved or particulate matter in
natural water can substantially attenuate the actual exposure
concentrations of cationic surfactants in comparison with total
concentrations extracted from the medium, as shown by van
Wijk et al. [6]. However, as discussed for cationic surfactants in
the European Centre for Ecotoxicology and Toxicology of
Chemicals technical report on difficult substances [48],
laboratory toxicity tests based on truly dissolved concentrations
are of use for environmental risk assessment only if monitored or
predicted concentrations in the environment also explicitly and
adequately include bioavailability. This includes measurements
of passive samplers in situ, as is becoming more common for
neutral hydrophobic contaminants [45]; application of accurate
sorption models for various environmental substrates (soils,
sediments, dissolved colloidal matter), which are still under
development [49]; or appropriate bulk-approach toxicity testing
in natural water or sediments.

Design of toxicity tests with QACs

Toxic effect levels based on (freely dissolved) bioavailable
concentrations are an important condition when comparing the
response of different test species to the same chemical or the
difference between a series of chemicals in the same toxicity test.
Our data show that the adsorptive properties of the C12-BAC
can confuse the estimation of actual exposure concentration and
the relevant bioavailability in (acute) toxicity tests. The mass
balances for C12-B AC show that the freely dissolved fraction
can strongly depend on the experimental design, although we
still observe large differences in toxic effect concentrations
between species based on the bioavailable concentrations (Table
2). The necessity to include the influence of variable QAC
sorption affinities on bioavailability applies to several published
comparisons between series of analogue QAC structures with
increasing alkyl chain length. Findings for series of anionic
surfactants demonstrated that surfactants with longer alkyl
chains can have stronger interaction with cell membranes and
therefore show increased toxicity [50]. Several studies of QACs,
however, have shown decreased toxicity with increasing chainNot 
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length in acute toxicity studies with D. magna and green algae
[6,7,14]. Daphnia toxicity assays with different polyethoxylated
amines showed a lowest nominal effect concentration for the
structure with intermediate ethoxy late chain length [51]. In all of
these studies, however, effect concentrations were based on
nominal concentrations instead of on freely dissolved concen-
trations. Especially for QACs, the increased adsorption of
chemicals with longer alkyl chains to test vessels and sorbents
may explain reduced bioavailability and therefore result in
apparently lower effect concentrations [6,52,53]. Whether a
reduction of QAC toxicity with longer alkyl chains or different
head groups still holds true for effect concentrations based on
freely dissolved concentrations remains to be verified.
The acute toxicity of several cationic surfactants in different

bioassays has been evaluated in earlier work [7,54]. It was found
that daphnids tested in 100-mL polystyrene vessels were more
than 1 order of magnitude more sensitive to the alkyltrimethy-
lammonium compounds than the fish, tested in 10-L glass
aquaria, whereas daphnids showed comparable or lower
sensitivity to anionic, zwitterionic, and nonionic surfactants
[7]. This confirms the high sensitivity of D. magna for cationic
surfactant compared with other assays in our study. Sandbacka
et al. [7] also found that the 24-h EC50 of alkyltrimethylammo-
nium compounds to gill epithelial cells and hepatocytes isolated
from rainbow trout (Oncorhynchus mykiss), in 96-well plates
and the apparent absence of PBS, were more than 1 order of
magnitude higher than the 24-h LC50 to the fish itself. Bernhard
and Dyer [54] also found that the effect concentration of
hexadecyltrimethylammonium in a 96-well in vitro test was
more than an order of magnitude higher than the whole
organisms. Using radiolabeling, the latter study did measure
dissolved concentrations and showed that the dissolved fraction
in medium (free of PBS or other proteins) was approximately
40% to 56%, with 20% to 30% traced in the cell extracted
fraction and 14% to 42% unexplained. Although the difference
between in vitro and in vivo is not readily explained, Bernard
and Dyer [54] showed that the in vitro critical cell residue was in
the range of a narcotic mode of action. Applying critical cell
residue as a dose metric instead of freely dissolved concen-
trations may even be the more sensible way of comparing
toxicity data from different bioassays and chemicals, for
example, to identify why daphnids are the most sensitive test
species for cationic surfactants. Although losses to wall sorption
with C12-BAC, in clean medium and at concentrations near
effect concentrations, appear to have a limited effect on actual
effect concentrations of a factor of 2 in the assays in the present
study, measuring freely dissolved concentrations should be
performed for QACs routinely to verify the extent of losses to
test vessels and sorbent phases. The present study demonstrates
that commonly used sorbent phases can strongly affect
bioavailability and that these sorbed fractions influence effect
concentrations for C12-BAC. Even stronger effects of decreased
actual exposure concentrations from sorption to walls, cells, and
sorbent phases can be expected for more hydrophobic cationic
surfactants.

SUPPLEMENTAL DATA
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